In aquaculture breeding programmes, selection within families cannot be applied for traits that cannot be recorded on the candidates (e.g., disease resistance or fillet quality). However, this problem can be overcome if genomic evaluation is used. Within-family genomic evaluation has been proposed for these programmes as large family sizes are available and substantial levels of linkage disequilibrium (LD) within families can be attained with a limited number of markers even in populations in global linkage equilibrium. Here, we compare by computer simulation: (i) within-family and population-wide LD; and (ii) the accuracy of withinfamily genomic selection when genomic evaluations are carried out either at the population level or within families. The population simulated was composed by a varying number of families of full-sibs (half for training and half for testing). The results indicate that, to practice within-family selection, performing the genomic evaluation separately for each family using only molecular information from the family could be recommended for populations either in linkage equilibrium or with a low level of disequilibrium.
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| INTRODUCTION
In classic breeding programmes, selection within families cannot be applied for traits that cannot be recorded on the candidates. This is the case for important traits in aquaculture programmes such as disease resistance traits for which measures are taken on fish challenged with pathogens, and fillet quality traits for which measures are taken after slaughtering the fish (Sonesson, 2007) . However, this problem can be overcome if genomic evaluation is used (Nielsen et al. 2009; Villanueva et al. 2011; Odeg ard et al. 2014; Tsai et al. 2016) . In particular, within-family genomic evaluation has been proposed for aquaculture programmes as large family sizes are available and high levels of linkage disequilibrium (LD) within families can be attained with a limited number of markers (Lillehammer, Meuwissen, & Sonesson, 2013) . In fact, it is well known that even in populations in linkage equilibrium, there is LD within families. This LD is of opposite sign in different families and thus, in general, the overall value is close zero. For example, for two loci, the LD arising within the family produced by the cross A 1 B 1 /A 2 B 2 x A 1 B 1 /A 2 B 2 is ¼(1 À 2/), where / is the probability of recombination between the two loci. However, the LD arising within the family produced by the cross A 1 B 2 /A 2 B 1 9 A 1 B 2 /A 2 B 1 is À¼(1 À 2/). For this reason, two of the parameters used to measure LD (the coefficient of LD, D, and the squared correlation coefficient between pairs of loci, r 2 ) tend to be equal to zero at the population level but are different from zero at the within-family level. Two types of genomic evaluation can be considered in the scenario of within-family genomic selection. The genomic evaluation can be performed at the population level using molecular information of the whole population or separately within each family using only molecular information from the family. Given that the accuracy of genomic evaluation depends on the amount and extent of LD between markers and QTLs, it can be expected that the accuracy of within-family genomic evaluation would be higher than the accuracy of population-wide evaluation when the global LD is low. On the other hand, the accuracy also depends on the number of individuals that constitute the training set and this number would be higher for population-wide than for withinfamily genomic evaluation.
The objectives of this study were to compare through computer simulations (i) within-family and population-wide LD in populations with different levels of global LD; and (ii) the accuracy of within-family genomic selection when genomic evaluations are carried out either at the population level or within families.
| MATERIAL AND METHODS

| LD simulations
Populations composed of 50 families of 200 full-sibs were simulated. The genome consisted of 20 chromosomes of 1 Morgan each. The number of loci (biallelic) ranged from 4 to 400 per chromosome, and loci were evenly distributed across the genome. Different scenarios varying in the amount of LD in the population were considered:
Scenario 1: Population in global linkage and HardyWeinberg equilibrium (LE). A total of 100 founder individuals (50 sires and 50 dams) were generated by choosing their alleles at random with probability p = .5 independently for each locus. The family structure was obtained by mating at random the founder individuals (one sire per dam and one dam per sire).
Scenario 2: Population with very high LD resulting from crossing two inbred lines completely homozygous (F1 in coupling configuration) and followed by one generation of random mating to create the family structure (F2).
Scenario 3: Populations with an intermediate LD (F20, F100, F150 and F250) resulting from running 19, 99, 149 or 249 generations of random mating after the F1 (i.e., same as in Scenario 2 but running extra generations after crossing two inbred lines). In order to obtain moderate to low levels of global LD (i.e., populations F100, F150 and F250), many generations of panmixia are needed. However, as the number of generations increases, the remnant genetic diversity decreases and many markers become fixed when the number of parents is 100 (Table 1) . Therefore, populations F100, F150 and F250 were generated using 1,000 individuals (500 sires and 500 dams) instead of 100 to maintain genetic diversity. In these scenarios, 50 sires and 50 dams were chosen at random in the last generation to create 50 families of 200 full-sibs.
In all cases, the number of replicates was 100. Two measures of LD were considered: 
| Genomic selection simulations
As before, populations with different degrees of LD (F2, F20, F100, F150, F250 and LE) were considered when comparing the accuracy of within-family and populationwide genomic evaluations. In most simulations, the number of families was 50 and the number of full-sibs per family was 200. However, varying numbers of families (from 10 to 100) and sibs (from 100 to 1,000) per family were also considered. This is not outside the range of the numbers used in aquaculture breeding programs (see Neira, 2010; and Rye, Gjerde, & Gejdrem, 2010 for reviews). The genome was composed of 20 chromosomes of one Morgan each. Different numbers of biallelic QTLs (n q = 1, 20, 100 and 200) and markers (n m = 20, 100 and 200) per chromosome were simulated. All loci were evenly distributed across the genome. Therefore, the frequency of recombination between adjacent QTLs, between adjacent markers and between adjacent QTLs and markers was 1/n q , 1/n m and 1/(n q + n m ), respectively.
The genotypic values for each QTL were a, 0 and -a for individuals with genotype AA, Aa and aa, respectively. Phenotypic variance was set to one so that the additive genetic variance was equal to the heritability. Two heritabilities (h 2 = 0.1 and 0.4) were simulated. The a value was obtained in a way that 2p(1 -p)a 2 = h 2 /n q . Phenotypic values were obtained by adding a normally distributed individual environmental effect with mean zero and variance V E to the genetic value. The statistical model of genomic evaluation was
where l is the mean, e i is the residual effect and u i is the breeding value of individual i that is defined as
where x ij is the genotype of SNP j (coded as 2, 1 or 0 for genotypes AA, Aa and aa, respectively) for individual i and b j the allele substitution effect for SNP j. The genomic breeding value was predicted using the GBLUP method that is analogous to the traditional BLUP method but with the genomic relationship calculated as XX'/n m were X is the matrix of x ij . The heritability was assumed to be known without error.
For each family, half of the sibs were genotyped and phenotyped (training set) and half of the sibs were only genotyped (testing set). Two genomic evaluation scenarios were considered: genomic evaluation within families and genomic evaluation at the population level. Given that we are interested in within-family selection, the accuracy of the evaluation was calculated as the within-family correlation between true (known in the simulation) and estimated breeding values in all scenarios (i.e., in scenarios where evaluations were performed at the population or at the family level). The number of replicates was 10.
3 | RESULTS AND DISCUSSION 3.1 | Population-wide and within-family LD Table 2 shows the expected and observed r 2 calculated at the population level and the observed r 2 at the withinfamily level for varying number of loci and generations of panmixia after the F1 (Scenario 3). In general, the expected value of population-wide r 2 was lower than the observed value because population size is finite and there are deviations of the allelic frequencies from those used in the predictions (0.5). Thus, for a given number of loci (i.e., for a given /), the higher the number of generations the higher was the discrepancy between expected and observed r 2 , as the departure of frequencies from .5 was larger. Except for the extreme scenario F2, within-family r 2 was always higher than population-wide r 2 ( Table 2) . The difference between population-wide and within-family LD increased as the number of panmictic generations increased. For instance, for 200 loci per chromosome, the population-wide r 2 for F20 and F250 was, respectively, approximately 9%
and 130% lower than the within-family r 2 . Table 2 The initial decay in population-wide and within-family D can be explained by considering their evolution for a twolocus model. Assume two biallelic loci. Let R, S, T and U be the frequencies of gametes AB, Ab, aB and ab, respectively. This implies a value of the initial D(D 0 ) of RU -ST. The genotypic frequencies in the generated population G 0 are R 2 , 2RS, 2RT, 2RU, S 2 , 2ST, 2SU, T 2 , 2TU and U 2 for genotypes AB/AB, AB/Ab, AB/aB, AB/ab, Ab/Ab, Ab/aB, Ab/ab, aB/aB, aB/ab and ab/ab, respectively. The number of possible different matings between these 10 genotypes is 10(10 + 1)/2 = 55. It is well known (Falconer & Mackay, 1996) that the D value in the gametes generated by the G 0 population, and therefore, the population-
Consider now a F1 population where alleles at both loci are in coupling (AB/ab) as a consequence of the crossing of two inbred lines (AB/AB and ab/ab). The gametes generated will be AB, Ab, aB and ab, and their frequencies will be ½(1 À /), ½/, ½/ and ½(1 À /), respectively. Therefore, the population-wide D for the F2 is D F2 = ¼(1 À 2/). In the next generation, D will decrease to D F3 = D F2 (1 À /) and so on. In the F2, the within-family D value is also ¼(1 À 2/). However, in the next generation, D will suffer a substantial decrease. This can be observed when calculating D in each of the 55 families. For example, in the offspring of family AB/AB x AB/AB, D will be zero, in the offspring of family AB/AB x AB/ab, D will be (1/16)(3 À 4/) and so on. Averaging over families, D in the F3 is D F3 = D F2 (0.75 À /). In the following generation, the decay is (1 À /) and so on. This particular decrease in within-family LD in the F3 (i.e.,
(1 À /) at the population level) has not been previously reported. These theoretical predictions for D were compared with simulation predictions (5,000 replicates) that assumed a T A B L E 2 Expected (P E ) and observed (P O ) population-wide and observed within-family (W O ) linkage disequilibrium measured as r 2 for different number of loci per chromosome and generations of panmixia after the F1 recombination frequency of 0.005. The results are shown in Table 3 . Note that the values for within-family D in Table 3 are considerably lower than those in Figure 1 . The reason is that in Figure 1 values D = 0 that occur when one or the two loci are fixed were excluded (in that case, the corresponding r 2 would be infinite).
Figure 2 shows population-wide and within-family r 2 as a function of the distance between loci for populations generated after different number of generations of panmixia after the F1 when using 200 loci per chromosome. The habitual pattern of an exponential decay of LD with distance between loci was observed for both measures of LD. It must be emphasized that the decay of population-wide r 2 with distance was steeper than the decay of within-family r 2 . For example, for F10, the population-wide r 2 was halved at a distance of 3.5 cM, whereas the within-family r 2 was halved at a distance of 7.5 cM.
In summary, the results indicate within-family r 2 was higher than population-wide r
2
, and thus, there may be an advantage of performing genomic evaluations within families in the context of within-family genomic selection. The difference between within-family and population-wide LD increases as the number of panmictic generations increases. Table 4 shows the accuracy of genomic evaluation for the particular scenario where the population was at equilibrium. This could correspond to a situation where a new breeding programme is started (i.e., before any selection has taken place) and when the candidates are taken from a large natural population. In marine fish populations, a fast decay of LD with distance is generally expected (Hemmer-Hansen, Therkildsen, & Pujolar, 2014) , and although the information on genomewide LD in wild fish is very limited (Yang et al. 2014) , this has been confirmed by Saura et al. (2016) in wild populations of Atlantic salmon, using a 220K SNP array. Levels of LD between SNPs less than 5Kb apart (average r 2 = .52) were reduced by half over the first 0.05 Mb. This was also observed using SNP arrays in farmed populations of the same species by Guti errez et al. (2015) and Kijas et al. (2015) . The accuracy followed the same patterns in both training and testing sets although, as expected, it was lower in the latter (Table 4) . For both h 2 , the loss in accuracy in the testing set was clearly higher when the evaluation was performed at the population level and the percentage of loss was similar for both h 2 . Also, in the LE scenario, the accuracy was always clearly higher when the genomic evaluation was performed within families. The accuracy of the population-wide evaluation ranged from 0.08 to 0.48 in the training set and from 0.04 to 0.31 in the testing set, whereas the accuracy of within-family evaluation ranged from 0.28 to 0.61 in the training set and from 0.18 to 0.46 in the testing set. It is important to point out that the accuracy of within-family evaluation did not vary much with different numbers of markers (1, 20, 100 or 200 per chromosome) or QTLs (20, 100 or 200 per chromosome). This result is important because, as previously indicated (Lillehammer et al. 2013) , genetic gain in within-family genomic evaluation schemes is robust to a reduction in marker density, and therefore, a low-cost use of low-density genotyping could be implemented. That is, for a fixed genotyping budget, the response to selection could be increased by genotyping a higher number of individuals with fewer markers. The accuracy in the training set for scenarios where the population is in LD is shown in Table 5 . In the extreme scenario with the highest considered LD (F2), the accuracy reached the highest possible value when the evaluation was performed at the population level (the correlation was one for almost all combinations of parameters). For scenarios F20, where LD was still very high (Table 2) , populationwide evaluation led to accuracies between 0.53 and 0.98 and they were always higher than the accuracies of withinfamily evaluation (between 0.45 and 0.90). In the rest of scenarios (i.e., F100, F150 and F250), the accuracy of within-family evaluation exceeds the accuracy of population-wide evaluation except in the case of 100 markers and 100 QTLs. Note that although LD was always higher within families than at the population level (Table 1) , the accuracy is also affected by the size of the training set.
| Accuracy of genomic within-family selection
For scenarios with high levels of LD, the accuracy of within-family evaluation differed for different numbers of QTLs but using different number of markers had still a very small effect. This stability occurs even when the distance between loci (measured as the frequency of recombination) differed substantially: 0.025 and 0.005 for 40 (20 QTL + 20 markers) and 200 (100 QTL + 100 markers) loci, respectively. In contrast, the accuracy of populationwide evaluation was more sensitive to different number of T A B L E 4 Accuracy of genomic evaluation in the training (TRA) and testing (TES) sets when the evaluation is carried out at the population level (P) or within families (W) for different heritabilities (h 2 ) and numbers of QTLs (n q ) and markers (n m ) for a population in equilibrium markers. In general, the accuracy with 20 markers was found to be half of that with 100 markers. The results showed so far refer to populations composed by 50 families of 200 full-sibs. Table 6 shows the accuracy in the training set for populations in LE that maintain the same total number of individuals evaluated but that are composed of 10, 25, 50 or 100 families (and 1,000, 400, 200 or 100 sibs per family, respectively). For the same number of evaluated individuals, the accuracy decreased as the number of families increased (and consequently, family size decreased). However, the decrease is less steep in the case of within-family genomic evaluation. A similar effect was found by Neira (2010) who concluded that the accuracy of within-family genomic selection increased as family size increases but that the increase was moderate when family size was beyond 40 individuals per family.
Finally, increasing the total number of individuals evaluated from 10,000 to 15,000 but maintaining the number of families (50 families and 300 sibs per family) led to increases in population-wide and within-family accuracies although the increase in the latter was substantially higher (results not shown). For a given number of families, the increase in population-wide accuracy when using more than 10,000 individuals was minimal.
The present study focuses strictly on a genomic withinfamily scheme. It is well known that this type of selection either phenotypic or genomic, although it is attractive with respect to the control of inbreeding, it has strong limitations in relation to the genetic gain. Therefore, in practice, genomic within-family evaluation should be combined with some form of between family selection, as proposed by Lillehammer et al. (2013) .
| CONCLUSIONS
In the context of within-family selection, genomic evaluation can be carried out using only information from each family or using molecular information from the whole population. It is shown that the first alternative is more efficient in populations in LE or in those where LD is low.
T A B L E 6 Accuracy of genomic evaluation in the training set when carried out at the population level (P) or within families (W) for different heritabilities (h 2 ) and numbers of QTLs (n q ) and markers (n m ) for populations in equilibrium composed by different number of families but maintaining a constant population size (10,000 individuals) 
